Abstract. Zearalenone (ZEN) and its metabolites are important nonsteroidal estrogenic mycotoxins that cause reproductive disorders in domestic animals, especially pigs. We aimed to simultaneously detect ZEN and its metabolites α-zearalenol (α-ZOL) and β-zearalenol (β-ZOL) in porcine follicular fluid (FF) by liquid chromatographytandem mass spectrometry. ZEN and α-ZOL, but not β-ZOL, were detected in all pooled FF samples collected from coexisting follicles (diameter ≥ 6 mm) within 10 ovaries. Furthermore, ZEN and α-ZOL were detected in samples pretreated with β-glucuronidase/arylsulfatase, but not in those left untreated, suggesting that the FF samples contained glucuronide-conjugated forms of the mycotoxins that may be less harmful to porcine oocytes due to glucuronidation affecting the receptor binding. Nonetheless, the effects of the glucuronide-conjugated forms should be studied, both in vitro and in vivo. earalenone (ZEN) is a nonsteroidal estrogenic mycotoxin that is produced by Fusarium species on several grains. Despite its low acute toxicity and carcinogenicity, ZEN and its metabolites exhibit distinct estrogenic and anabolic properties in several animal species because of their agonistic effect on the estrogenic receptor. Thus, they affect the reproductive system and play important roles in reproductive disorders in domestic animals, particularly swine [1] [2] [3] [4] .
(J. Reprod. Dev. 57: [303] [304] [305] [306] 2011) earalenone (ZEN) is a nonsteroidal estrogenic mycotoxin that is produced by Fusarium species on several grains. Despite its low acute toxicity and carcinogenicity, ZEN and its metabolites exhibit distinct estrogenic and anabolic properties in several animal species because of their agonistic effect on the estrogenic receptor. Thus, they affect the reproductive system and play important roles in reproductive disorders in domestic animals, particularly swine [1] [2] [3] [4] .
The presence of environmental pollutants with potential reproductive toxicity in the follicular fluid (FF) of livestock may be of particular importance because the oocyte completes maturation before ovulation within the FF [5] . Recently, we reported that the FF was naturally contaminated with ZEN and its metabolites and showed the in vitro effects of ZEN on oocyte maturation in cattle [6] . However, no reports are available on the contamination of porcine FF by ZEN and its metabolites.
The objectives of this preliminary investigation were to determine the concentrations of ZEN and its metabolites, including α-zearalenol (α-ZOL) and β-zearalenol (β-ZOL), in porcine FF by using liquid chromatography-negative ion electrospray tandem mass spectrometry with electrospray ionization (LC/MS/MS).
As shown in Table 1 , ZEN and α-ZOL were detected in all 10 FF samples supplemented with β-glucuronidase/arylsulfatase solution during preincubation, while the 10 FF samples that were not treated with β-glucuronidase/arylsulfatase solution did not contain ZEN or α-ZOL, even at trace levels. Additionally, β-ZOL was not detected even at trace levels, irrespective of β-glucuronidase/arylsulfatase treatment. Figure 1 shows representative LC/MS/MS chromatograms of the porcine FF samples contaminated with ZEN and α-ZOL. The mean (± SEM) concentrations of ZEN and α-ZOL were 38.9 ± 4.0 pg/ml (max and min: 54.8 and 15.2 pg/ml, respectively) and 17.6 ± 1.7 pg/ml (max and min: 26.4 and 10.0 pg/ ml, respectively), respectively.
In the present study, we detected ZEN and α-ZOL but not β-ZOL in porcine FF only after the FF was treated with β-glucuronidase/arylsulfatase solution. This finding strongly suggests that ZEN and α-ZOL are present in their glucuronide-conjugated forms within porcine follicles. To our knowledge, this is the first time that ZEN and its metabolites have been detected in naturally contaminated porcine FF.
Although the conditions of the sows prior to slaughter are unknown, we can assume that they were given feed naturally contaminated with ZEN, since this mycotoxin and α-ZOL, but not β-ZOL, were detected in all 10 FF samples. Additionally, studies have clearly shown that hepatic biotransformation converts ZEN in porcine FF predominantly into α-ZOL, and ZEN may even be extrahepatically biotransformed into α-ZOL in porcine granulosa cells through the action of 3α-hydroxysteroid dehydrogenase, as reported by Malekinejad et al. [7, 8] . Our results strongly support these previous findings.
Generally, blood estradiol-17β (E2) concentrations during the porcine estrous cycle range from 10 to 50 pg/ml [9] , and this hormone acts on E2 receptor-positive reproductive organs such as the oviducts, endometrium and uterine glands. In the present study, the maximum ZEN and α-ZOL concentrations in the FF were 54.8 and 26.4 pg/ml, respectively. These concentrations are within the normal range for the E2 concentration in circulating blood during the estrous cycle of sows. Generally, chronic exposure to environmental pollutants is expected to lead to their accumulation in body fat and serum and consequently in FF [5, 10] . Therefore, as we suggested in our previous study with bovine FF samples [6] , the levels of both ZEN and α-ZOL in the FF may greatly depend on the blood ZEN concentration. Thus, the current results suggest that ZEN and α-ZOL bind to E2 receptors and functionally affect the genital tract and accessory genital glands of sows. Furthermore, in the present study, we examined the glucuronide conjugation of ZEN and its metabolites within porcine follicles by examining FF with and without β-glucuronidase/arylsulfatase treatment during extraction.
Interestingly, the ZEN and α-ZOL detected in the porcine FF were entirely in the glucuronide-conjugated forms, which would not bind to E2 receptors within the oocytes, and we could not detect the non-glucuronide-conjugated forms even in trace amounts. Glucuronidation of ZEN and its metabolites in the liver is much more frequent in swine than in other animals [8] . Therefore, the results of the present study indicate that porcine oocytes within the follicular environment in vivo may not be affected by exposure to ZEN and its metabolites during maturation under normal feed conditions. Alm et al. [11] investigated the effects of feeds naturally contaminated with Fusarium toxins [deoxynivalenol (DON) above the critical concentration and ZEN below the critical concentration] for 35 days and found that high concentrations of these mycotoxins were associated with oocyte degeneration and reduced meiotic competence after in vitro maturation in swine. Additionally, Malekinejad et al. [12] reported that ZEN and DON could cause abnormal spindle formation, leading to less fertile oocytes and embryos with abnormal ploidy, and that the effects of ZEN and DON were not synergistic. Obviously, further research is required, not only to establish databases for ZEN and its metabolites in FF samples derived from donor animals whose reproductive stage and feeding status are defined, but also to clarify the individual effects of these mycotoxins on the maturation of porcine oocytes in vivo. Additionally, it may be worth elucidating the effects of glucuronide-conjugated ZEN and α-ZOL on porcine oocytes in vitro.
In conclusion, our results indicated that ZEN and α-ZOL, but not β-ZOL, can be detected in porcine FF by LC/MS/MS analysis, even though their concentrations were rather low. The detected ZEN and α-ZOL were entirely in the glucuronide-conjugated forms. It may be necessary to consider the use of in vitro culture systems for evaluating the effects of ZEN and its metabolites on reproductive function in farm animals, especially with regard to porcine oocytes. 
ND ND ND ND: Not detected.
Methods

Chemicals and solvents
ZEN was purchased from MP Biomedicals (ZEN, 10 mg;
Eschwege, Germany), and α-ZOL and β-ZOL were purchased from Sigma (Z2000 and Z01665, respectively; 5 mg each; St. Louis MO, USA). Methanolic stock solutions with 1000 μg/L ZEN were stored at 4 C away from the light. Ammonium acetate, high-performance liquid chromatography (HPLC)-grade methanol and HPLCgrade acetonitrile were purchased from Wako Pure Chemical Industries (Osaka, Japan).
Sample preparation
Ovaries from cross-bred gilts (unknown age) were collected at a local slaughterhouse and transported to the laboratory in 0.9% physiological saline at 35 C within 3 h, and the ovaries were stored at -30 C until sample preparation for LC/MS/MS analysis. Once the ovaries were thawed, FF was aspirated from follicles with a diameter ≥6 mm by using a 20-ml syringe fitted with an 18-G needle and pooled for each individual ovary. The volume of fluid collected from each ovary was recorded, and the FF was centrifuged at 3000 rpm for 15 min and subjected to LC/MS/MS. A total of 10 pooled FF samples from 10 porcine ovaries were examined.
LC/MS/MS analysis
The concentrations of ZEN and its metabolites, α-ZOL and β-ZOL, in FF were determined by LC/MS/MS as described previously with some modifications [6] . Briefly, FF (0.25 ml) was mixed with 4 ml of 50 mM sodium acetate buffer (pH 4.8), and the mixture was incubated for 15 h at 37 C with 8 μl of β-glucuronidase/arylsulfatase solution. The sample was loaded onto a C18 solid-phase extraction (SPE) column (Strata, Phenomenex, Tor- rance, CA, USA) preconditioned with 3 ml of methanol, followed by 2 ml of 20 mM Tris buffer (pH 8.5)/methanol (80/20). The column was washed with 2 ml of 20 mM Tris buffer (pH 8.5)/ methanol (80/20) and 3 ml of methanol (40%) and then centrifuged for 10 min at 2000 rpm to dry it out. The analytes were slowly eluted with 1 ml of 80% methanol (flow rate: 15 drops per min).
The eluate was evaporated to dryness under a nitrogen stream. The dried residue was redissolved with 1 ml of 75% acetonitrile and mixed thoroughly. It was then loaded onto an immunoaffinity column (IAC; Easi-Extract Zearalenone; R-Biopharm, Darmstadt, Germany) and treated on the basis of the manufacturer's instructions with minor modifications. Briefly, 1 ml of eluate, 4 ml of acetonitrile and 20 ml of PBS were mixed well, and the diluted medium was then loaded onto the IAC. The IAC was washed with 10 ml of PBS, and the analytes were slowly eluted with 1.5 ml of 100% acetonitrile (flow rate: 1 drop per second). The eluate was again dried under a nitrogen stream, and the residue was redissolved in exactly 100 μl of 80% methanol. Then, 20 μl of the reconstituted solution was injected into the LC/MS/MS system. LC/MS/MS was performed with an API 2000 system (Applied Biosystems, Foster City, CA, USA) equipped with an electrospray ionization interface and HPLC system (1200 Series; Agilent Technologies, Palo Alto, CA, USA). Briefly, chromatographic separation was achieved on an Inertsil ODS-3 column (4.6 (id) × 150 mm × 5 μm; GL Science, Tokyo, Japan) at 40 C. The mobile phase comprised methanol (A) and water (B), and the following gradient conditions were used to separate the analytes: a linear increase in solvent A from 50 to 100% over 5 min and isocratic elution for 10 min at a flow rate of 200 ml/min. The column was isocratically re-equilibrated with 50% of solvent B applied for 7 min at a flow rate of 1000 ml/min. For LC/MS/MS analysis, a multiple reaction monitoring (MRM) system was used in the negative mode for the transition of ZEN (m/z: 317.0-130.5) and α/β-ZOL (m/z: 319.0-129.9). For each analyte, the instrument parameters were optimized by analysis of the corresponding standard solution (1.0 mg/l in methanol) at a flow rate of 10 ml/min, injected using a syringe pump integrated in the API-2000 mass spectrometer. The electrospray conditions for ZEN and α/β-ZOL were as follows: curtain gas, 20 psi; ion-spray voltage, -4500 V; turbo temperature, 500 C; collision energy, -48 eV for ZEN and -44 eV for α/β-ZOL; declustering potential, -36 V for ZEN and -51 V for α/β-ZOL; focusing potential, -260 V for ZEN and -280 V for α/β-ZOL; and entrance potential, -9.0 V for ZEN and -8.5 V for α/β-ZOL. Nitrogen was used as the nebulizer, curtain and collision gas. The mean recovery rates for ZEN, α-ZOL and β-ZOL were 116, 121 and 56%, respectively.
